Glutathione-S-transferase (GST) activity was determined in 36 species of rhizosphere bacteria with the substrate 1-chloro-2,4-dinitrobenzene (CDNB) and in 18 strains with the herbicide alachlor. Highest levels of CDNB-GST activity (60 to 222 nmol ⅐ h ؊1 ⅐ mg
Glutathione-S-transferase (GST) catalyzes the nucleophilic conjugation of glutathione (GSH) with many diverse electrophilic substrates (9) . Glutathione conjugation is a major mechanism of detoxification in mammals (9) and detoxification of at least six major families of herbicides in plants (17) . Although the role of GST in detoxification-degradation of xenobiotics by terrestrial microorganisms has been postulated (3, 7, 20) , there is need to elucidate the role of this enzyme in biodegradation of xenobiotic compounds.
Lau et al. (22) surveyed GST distribution in a wide range of type cultures of various microorganisms. GST activity occurred in 50% of the bacterial strains tested with 1-chloro-2,4-dinitrobenzene (CDNB) as substrate. Lower GST activity occurred in bacteria compared with fungi, algae, and protozoa (22) . Bacterial GST has been extensively studied in Escherichia coli, Proteus mirabilis, and other enteric bacteria (4, 31) . The finding that the dichloromethane dehalogenase gene from Methylobacterium sp. belongs to the GST supergene family suggests that GST-like enzymes may be widely distributed in bacterial xenobiotic degradation pathways (20) .
The role of GSH conjugation in soil metabolism of chloroacetamide herbicides was first reported for propachlor [2- chloro-N-(1-methylethyl)-N-phenylacetamide] (19) and later demonstrated for acetochlor [2-chloro-N-(ethoxymethyl) -N- (2-ethyl-6-methylphenyl) acetamide] (7). Initial degradation of the GSH conjugate proceeds via ␥-glutamyltranspeptidase to the cysteineglycine (CysGly) conjugate and then hydrolysis by a carboxypeptidase to the cysteine (Cys) conjugate. The resulting thiol-mediated dechlorination produced metabolites corresponding to the oxanilic, sulfonic, and sulfinylacetic acids (7, 19) .
In the terrestrial environment, the rhizosphere provides a habitat supporting a diverse microbial community (28) . The rhizosphere microbial populations are manyfold higher than in root-free soil because root exudates provide substrates for a wide range of microorganisms. Because of the increased population density and potentially greater community diversity, xenobiotic degradation may be enhanced in rhizospheres. Accelerated degradation of organophosphorous insecticides and trichloroethylene in plant rhizospheres has been reported (12, 27, 32) . Information on GST distribution among terrestrial bacterial isolates is limited. Considering the potential ecological implications of GST for xenobiotic detoxification-degradation, we studied the occurrence of GST in a diverse collection of rhizosphere bacteria, initially with the standard substrate CDNB. Many strains in this collection exhibited biological disease control and/or plant growth-promoting activity, and several Rhizobium and Bradyrhizobium strains were included. Investigations of the role of bacterial GST in the degradation of the herbicide alachlor [2-chloro-N-(2,6-diethylphenyl)-N-(methoxymethyl)acetamide] and preliminary studies of metabolism of CDNB-and alachlor-glutathione conjugates were undertaken.
MATERIALS AND METHODS
Bacterial strains and preparation of cell extracts (CFEs). Bacterial strains used in this study and their sources are summarized in Table 1 . Taxonomic identification was supplied by the source. Stock cultures were maintained in glycerol broth suspensions at Ϫ5ЊC. Rhizobium and Bradyrhizobium cultures were grown on yeast extract-mannitol broth. All other cultures were grown on tryptic soy broth (TSB).
CFEs were prepared from 48-h-old TSB cultures for nonrhizobial strains. Rhizobium cultures and Bradyrhizobium cultures were prepared from 96-and 192-h yeast extract-mannitol broth cultures, respectively. Cells were harvested by centrifugation and washed twice in buffer K (0.1 M potassium phosphate buffer [pH 6.8] with 1.0 mM EDTA). The final pellet was resuspended in 3 to 4 volumes of buffer K per volume of cells. Cells were disrupted by sonication with a V1A sonic probe (Teckmar Co., Cincinnati, Ohio) in three 20-s bursts at 50% power at 0ЊC. Disrupted cells were centrifuged for 5 min at 14,000 ϫ g at 10ЊC. The
CFEs were maintained at 5ЊC till assayed (typically within 2 to 8 h). Less than a 10% loss of CDNB-GST activity was observed over a 24-h storage period at 5ЊC for several strains (data not shown). Protein was determined according to the method of Bradford (2) with bovine serum albumin as standard. A unit of enzyme activity for CFEs is defined as the production of 1 nmol of product h
Ϫ1
.
For whole-cell extracts, it is defined as 1 nmol of product 24 h
. Specific activity is defined as 1 unit ⅐ mg
. Protein yield in the CFEs ranged from 4 to 25 mg ml
. Chemicals, conjugate synthesis, and thin-layer chromatography (TLC) methods. CDNB, GSH, CysGly, Cys ⅐ HCl, L-␥-glutamyl-p-nitroanilide (GPNA), and ) was purchased from Sigma Chemical Co. Purified CDNB-SG was provided by Gerald Lamoureux, U.S. Department of Agriculture Agricultural Research Service (USDA-ARS), Fargo, N.D. The alachlor-glutathione conjugate (AL-SG) and two GSH fragment conjugates, AL-CysGly and AL-Cys, were synthesized by alkaline-mediated (Na 2 CO 3 ) conjugation described elsewhere (8) . [U-ring- 14 C]alachlor (110 nmol, 3.1 Ci) was diluted with 1,890 nmol of unlabelled alachlor in 5 ml of 20% methanol. A 1.5 M excess of the peptide was added with 50 mg of Na 2 CO 3 to catalyze conjugation during incubation at 40ЊC, until greater than 90% of the alachlor was conjugated as determined by TLC. Then, the reaction mixture was acidified and unreacted alachlor was extracted with hexane. Similar syntheses were used for 2,4-dinitrophenol (DNP)-CysGly and DNP-Cys, with nonlabelled compounds. DNP-SG was enzymatically synthesized by reacting 75 mol each of CDNB and GSH in 200 ml of buffer K with 1 mg of equine liver GST (57 mol of DNP-SG formed min Ϫ1 ⅐ mg CDNB-GST assays. CDNB-GST assays were conducted in 1-cm cuvettes as described previously (9, 22) . The reaction mixture consisted of 1.0 mol of CDNB, 1.0 mol of GSH, and CFE (200 l, 1 to 5 mg of protein) in a final volume of 1.05 ml. The reaction was initiated with GSH addition, vortexing, and a 15-s equilibration prior to recording absorbance changes. CDNB-GSH conjugation (formation of DNP-glutathione conjugate [DNP-SG] via nucleophilic displacement of Cl with the GSH-thiol) was monitored spectrophotometrically at ϭ 340 nm for 2.0 min (kinetic mode, 3 to 6 scans min
) with a Gilford Response (Gilford Instrument Co., Oberlin, Ohio) or Shimadzu UV160U (Shimadzu Corp., Columbia, Md.) spectrophotometer equipped with a 6-cell automatic cell positioner. DNP-SG concentration was calculated with an extinction coefficient of 9.6 mM Ϫ1 ⅐ cm Ϫ1 (9) . Enzyme preparations for each strain were assayed in triplicate, and assays of most strains were repeated with enzyme preparations from new batches of bacterial cells. Control reactions (without enzyme) were included to determine nonenzymatic CDNB-GSH conjugation. Kinetics of CDNB-GST activity for two strains of Enterobacter cloacae (ECH1 and EC39979), Pseudomonas cepacia (AMMD), and Pseudomonas fluorescens (PRA25) were conducted as described above at GSH concentrations of 2 M to 4 mM. Values for kinetic parameters of V max and K m were determined according to the Michaelis-Menten equation with nonlinear regression (SAS version 6.0; SAS Institute, Cary, N.C.). Linearity of CDNB-GST activity was evaluated for a subset of strains, and spectral changes at 340 and 410 nm were recorded over 10 min.
Alachlor-GST assays. Initial alachlor-GST activity was assessed with [U-ring- 14 C]alachlor in a phase-partitioning assay modified from an atrazine-GST assay (18) with hexane in place of methylene chloride. Substrate was prepared in buffer K-100 M alachlor-0.01 Ci of [ 14 C]alachlor ml Ϫ1 -5% methanol. Assays were conducted in polypropylene microcentrifuge tubes containing a final alachlor concentration of 50 M-2 mM GSH-CFE (1 to 5 mg of protein)-buffer K to a final volume of 550 l. All assays were conducted with four replicates and with controls (buffer instead of CFE). The reaction was initiated by GSH addition, followed by vortexing and incubation for 1 h at 25ЊC. Termination was by addition of 550 l of hexane and vortexing for 30 s. Phase separation was enhanced by centrifugation (5 min, 14,000 ϫ g). An aliquot of the aqueous fraction (200 l) was mixed with 15 ml of Ecolume scintillation cocktail, and radioactivity was determined by liquid scintillation counting (MinaxiB Tricarb 4000 series; Packard Instruments, Meriden, Conn.). Scaled-up alachlor-GST assays were conducted in 25-ml Corex centrifuge tubes (final volume of 6.6 ml, 50 M alachlor, 0.1 Ci ml Ϫ1 ) under the above conditions. After incubating 3 to 5 h, the tubes were centrifuged (10 min, 7,000 ϫ g), and the pellet was extracted with 10 ml of buffer and recentrifuged. Both supernatants were combined and passed through a 3-ml C 18 solid-phase extraction (SPE) (Baker, Phillipsburg, N.J.) column. The column was eluted with CH 3 CN, and the eluate was spotted on TLC plates and developed with solvent system A or B described above. Recovery of 14 C-material in the protein pellet, aqueous filtrate from the SPE column, and the CH 3 CN eluate was quantified by liquid scintillation counting.
Induction of alachlor-GST activity was assessed for several Pseudomonas strains. In the first experiment, cells growing in TSB and exposed to 50 M alachlor for 6 h during late logarithmic growth were compared with untreated cells. In the second experiment, cells were grown for 24 h in TSB or TSB containing 50 M alachlor. CFE preparations and hexane partitioning assays was conducted as described above.
Glutathione-conjugate metabolism assays. The ability of selected isolates to metabolize CDNB-and alachlor-glutathione conjugates was evaluated by assaying L-␥-glutamyltranspeptidase activity. This activity was evaluated in CFEs from 10 representative rhizosphere bacterial strains with DNP-SG and GPNA (26) as substrates. In a third test, metabolism of alachlor-SG was determined in P. fluorescens BD4-13 and UA5-40 and Pseudomonas putida M-17. In the DNP-SG assay, 900 l of the DNP-SG conjugate stock (0.25 mM, prepared as described above) was added to a 1-cm cuvette. Reactions were initiated by addition of 100 l of CFE (1.5 to 2.5 mg of protein), and A 340 and A 410 were monitored for 2 min. Activity of DNP-␥-glutamyltranspeptidase was calculated on the basis of a decrease in A 340 and the DNP-SG extinction coefficient. Controls with buffer instead of CFE were included.
In the GPNA assay, 900 l of GPNA stock (0.40 mM, 0.1 M K-phosphate [pH 8.0]) was added to a 1.0-cm cuvette and reactions were initiated with 100 l of CFE (0.6 to 1.6 mg of protein). The mixture was vortexed, and the formation of product (p-nitroaniline) was monitored at A 410 in the kinetic mode for 3 min (nine scans every 20 s) (26) .
Alachlor-SG (AL-SG) ␥-glutamyltranspeptidase activity was determined for three Pseudomonas strains. The assay mixture consisted of 200 l of CFE (3.0 mg of protein) and 200 l of AL-SG (200 M, 1.0 Ci ml Ϫ1 ). Aliquots (100 l) were removed after 1 and 3 h of incubation at 24ЊC. Equal volumes of CH 3 CN were added to these subsamples to terminate the reaction, and the mixture was vortexed and centrifuged (5 min, 14,000 ϫ g). The CH 3 CN extract was spotted on TLC plates, developed in solvents B and C, and analyzed by radioimaging.
Alachlor whole-cell metabolism studies. Studies to assess alachlor metabolism by intact cells were conducted on 48-h TSB cultures. Cells were harvested by centrifugation and washed twice in buffer K. The pellet was suspended in 6 to 8 volumes of buffer K per volume of cells. Alachlor, 200 l of a 500 M stock (0.55 Ci ml Ϫ1 , in 20% methanol-80% buffer K), was added to 1.0 ml of cell suspension. Each strain was assayed in duplicate. The cells were incubated at 25ЊC for 24 h on a rotary shaker, and then a 200-l subsample was removed and the reaction was terminated with 200 l of CH 3 CN, vortexed for 1 min, and centrifuged (5 min, 14,000 ϫ g). The CH 3 CN extract was spotted on TLC plates and developed with solvent B or C, and the distribution of radioactivity was analyzed as described above.
RESULTS
Validation of CDNB-GST assay. The linearity of CDNB-GST activity was verified in four strains under standard assay conditions. A linear increase in A 340 was observed for all strains and the nonenzymatic conjugation in controls for 6 to 10 min (Fig. 1A) . A greater increase in A 410 was observed in the two pseudomonads compared with Citrobacter diversus JM92 or E. cloacae ECH1 (Fig. 1B) . The rate of A 410 increase was low during the first 2 min of incubation. Heat-treated CFEs of all strains exhibited levels of CDNB-GSH conjugation similar to those in controls with no increase at 410 nm. In the absence of exogenous GSH, there was little or no change in A 340 or A 410 (data not shown). DNP-SG formation following a 10-min assay was verified for several strains (P. fluorescens strains [UA5-40, PRA25, and BD4-13], P. cepacia [AMMD], P. putida [M-17] , and E. cloacae strains [EC39979 and ECH1]) by TLC with solvent system B. These strains accumulated a compound with an R f of 0.23, identical to that of DNP-SG. All Pseudomonas strains also accumulated the CysGly and Cys conjugates (R f s, 0.32 and 0.43, respectively) of DNP in addition to intense yellow compounds with R f s of 0.80 to 0.97 in solvent system B. The identity of these latter two compounds is unknown, but they are hypothesized to be products of DNP-SG metabolism.
CDNB-GST activity in rhizobacteria. Eight sets of assays (8 to 17 strains per set) with at least two batches of bacteria for most strains were evaluated (Table 1 ). An overall average least significant difference of 15.6 to 48.6, mean 25.2, was observed in these tests. The highest CDNB-GST specific activity (60 to 222) was measured in gram-negative isolates, especially Pseudomonas and E. cloacae strains. There was a wide range of specific activities observed among strains of the same species. CDNB-GST activity was low or undetectable (specific activity of 36) in certain genera of gram-negative bacteria (i.e., Alcali- Kinetic parameters for GSH-mediated CDNB-GST activity were determined for the four most active strains: E. cloacae EC39979 and ECH1, P. fluorescens PRA25, and P. cepacia AMMD. K m s for GSH in E. cloacae ECH1 and EC39979 were 50 Ϯ 10 and 106 Ϯ 25 M, respectively, compared with 336 Ϯ 72 and 1,613 Ϯ 270 M for P. cepacia AMMD and P. fluorescens PRA25, respectively. V max s were 192 Ϯ 6,240 Ϯ 12, 174 Ϯ 12, and 438 Ϯ 30 nmol ⅐ h Ϫ1 ⅐ mg Ϫ1 for strains ECH1, EC39979, AMMD, and PRA25, respectively. The higher K m s for GSH found in the pseudomonads reflect a more rapid turnover of GS conjugates. These data indicated that the GSH concentration used was sufficient for enzyme saturation for most bacterial strains.
Validation of alachlor and alachlor conjugate separation in the hexane phase-partitioning assay. This assay was verified with 50 M U-ring- 14 C-labelled alachlor, AL-SG, AL-CysGly, and AL-Cys, in buffer K without GSH or enzyme, in addition to complete assay mixtures without CFEs or with CFEs of UA5-40 and BD4-13. After phase partitioning, 12.6% of the alachlor remained in the aqueous phase, while 98.7 to 99.2% of the alachlor conjugates were recovered in the aqueous phase as determined by liquid scintillation counting (data not shown). Conversely, 87.4% of the alachlor and approximately 1.0% of the conjugates were present in hexane fractions. In control assay mixtures (i.e., with GSH but no CFE), 17.9% of the radioactivity remained in the aqueous fraction compared with 41.2 and 28.8% in reaction mixtures containing CFEs of UA5-40 and BD4-13, respectively.
Alachlor-GST activity in CFE. Data are presented for two of four assays assessing alachlor-GST activity in CFEs of selected bacterial strains (total number tested ϭ 18), by the hexane partioning assay (Table 2 ). Activity (specific activity ϭ 0.6 to 2.3 nmol of AL-SG formed ⅐ h Ϫ1 ⅐ mg
Ϫ1
) was found in all pseudomonads. However, there was little or no activity (specific activity Ͻ0.15 nmol ⅐ h Ϫ1 ⅐ mg
) in Alcaligenes, Arthrobacter, Bacillus, or Enterobacter strains and low activities in Xanthomonas and Serratia strains (some data not shown).
Scaled-up, longer-term assays were conducted for several pseudomonads to confirm alachor-GST activity in CFEs and to identify metabolites (Table 3) . A low amount (10%) of 14 Cmaterial was bound to precipitated protein, and about 5% was metabolized to polar compounds not retained by a reversephase SPE column. By using TLC with solvent system A, three regions of radioactivity were identified corresponding to R f s of synthesized conjugates or alachlor. AL-SG was found only in the enzyme-free control, heat-treated CFE, and UA5-40 preparations. One major metabolite (R f of 0.42, solvent system A) occurred in all CFE preparations but not in enzyme-free controls or heat-treated CFEs. In solvent system C, this radioactive component was resolved into AL-CysGly (dominant component) and AL-Cys (minor component). Strain UA5-40 was most active: 48% of the radioactivity was recovered in spots corresponding to AL-SG and AL-CysGly. Strains BD4-13 and M-17 produced only a trace of AL-SG with 10 to 13% recovered as AL-CysGly and AL-Cys after 5 h. Heat-treated CFEs of all strains had AL-SG levels similar to the buffer control, with no detection of metabolite production or radioactivity accumulation in the SPE column aqueous eluate. Denatured proteins may have had more exposed binding sites for alachlor.
The role of alachlor as a GST inducer was assessed by exposing cells to alachlor for the duration of growth (24 h) or during the late log phase (6 h). A significant increase in AL-GST activity occurred in P. fluorescens BD4-13 (48 to 78%) in both experiments (Table 4) , while a significant increase in P. putida M-17 AL-GST activity (45%) was observed only after a (Table 5) . We observed rapid metabolism by all pseudomonads and by Serratia plymuthica SP. Little metabolism of the DNP-SG conjugate occurred with strains of E. cloacae, Klebsiella planticola, and Bacillus cereus. Specific activities for conjugate degradation by pseudomonads were one-to twofold higher than those for CDNB-GST activity measured by DNP-SG accumulation. The pseudomonads and S. plymuthica SP exhibited A 410 increases of 0.01 to 0.09 min Ϫ1 ⅐ mg of protein Ϫ1 while all other strains showed little change (e.g., Ͻ0.002
. This is further evidence that the yellow products formed during CDNB-GST assays result from metabolism of the DNP-SG conjugate. The initial concentration of DNP-SG used in this assay (0.23 mM) is greater than DNP-SG formed during a typical 2-min CDNB-GST assay. No metabolism of the DNP-SG conjugate was observed for heat-treated CFEs (data not shown). ␥-Glutamyltranspeptidase activity was also detected with GPNA as substrate (Table 5 ). Higher activities were found with GPNA compared with DNP-SG for certain strains. Generally, GPNA activity was greater in pseudomonads than in enteric bacteria.
Alachlor-SG ␥-glutamyltranspeptidase activity was assayed in CFEs from three Pseudomonas strains. UA5-40 exhibited less than 25% of the activity of either M-17 or BD4-13 (data not shown). This lower activity in UA5-40 corresponds with DNP-and GPNA-transpeptidase assays and the above CFE study in which the AL-SG accumulation was observed.
Whole-cell alachlor metabolism. Evidence for whole-cell GST-mediated alachlor metabolism was obtained from incubations with seven rhizobacterial cultures (Table 6 ). Two to seventy-five percent of the alachlor was recovered as AL-GlyCys and AL-Cys in the seven strains showing activity after 24 h. No AL-SG was detected, but the AL-CysGly conjugate was observed in all active strains. P. fluorescens UA5-40 accumulated a greater amount of AL-GlyCys than AL-Cys compared with other strains. Except for E. cloacae ECH1, the pseudomonads exhibited higher specific activities than the enteric bacteria. Whole-cell alachlor metabolism was not detectable in B. cereus UW85, Bacillus thuringiensis UZ404, P. cepacia AMMD, and S. plymuthica SP. These results are generally consistent with those from the phase-partitioning study in which the two strains of bacilli and S. plymuthica had low AL-GST activity whereas that of AMMD was moderate. 
DISCUSSION
CDNB-GST activities in bacterial CFEs that we examined are similar to those reported by others (22, 30) and severalfold lower than for many higher organisms (3, 9, 22) . CDNB-GST activity of 30 nmol ⅐ h Ϫ1 ⅐ mg or less is difficult to ascertain because of limited sensitivity of the assay. Thus, we are limited in detecting GST in gram-positive bacteria such as Bacillus spp. It is evident, however, that many genera of gram-negative bacteria inhabiting the rhizosphere can use GST as a potential detoxification mechanism.
There is potential for rapid metabolism of glutathione conjugates, particularly in pseudomonads, which was confirmed with three substrates for ␥-glutamyltranspeptidase activity, i.e., DNP-SG, GPNA, and AL-SG. Pseudomonas strains exhibited specific activities of 72 to 396 and 48 to 294 nmol ⅐ h Ϫ1 ⅐ mg
Ϫ1
with DNP-SG and GPNA, respectively. Strains of the Enterobacteriaceae possessed lower specific activities of 6 to 90 and 18 to 138 nmol ⅐ h Ϫ1 ⅐ mg Ϫ1 for DNP-SG and GPNA, respectively. Detection of DNP-Cys indicates the presence of a second carboxypeptidase. Accumulation of CDNB metabolites (increased A 410 ) with either DNP-SG as substrate or following DNP-SG accumulation ( Fig. 1) implicates possible cysteine-␤-lyase activity. The downstream metabolism of DNP-SG by bacteria warrants further elucidation.
Feng (7) showed that the GST pathway is a major route for microbial degradation of chloroacetamide herbicides in soil. Although we assessed only a small subsample of bacteria for AL-GST activity, we have demonstrated GST-mediated detoxification of alachlor by three assays. AL-GST activity was quantified in CFEs by a hexane fractionation technique, and AL-SG, AL-CysGly, and/or AL-Cys conjugates were identified in select Pseudomonas strains. Whole-cell studies confirmed AL-GST activity in strains of the Pseudomonas and Enterobacteriaceae. The phase-partitioning assay described here is a useful method to screen microorganisms for chloroacetamide-GST activity.
Whole-cell studies demonstrated that metabolites of GSH conjugation accumulate in the absence of added exogenous GSH. Thus, these bacteria contain sufficient GSH pools to allow some degree of endogenous AL-GST activity. GSHs, both oxidized and reduced forms, are the dominant active thiols in gram-negative bacteria but are minor or lacking in gram-positive bacteria (5) . The AL-GST activity in whole-cell preparations in some of the pseudomonads was lower than that observed in CFEs. However, whole-cell specific activities were calculated on the basis of total, not soluble, protein, and they were not supplemented with exogenous GSH.
In our assays, AL-GST activity was 50-to 100-fold lower than that observed for CDNB. Solubility limits and the potential for sorption of alachlor to protein or other cellular components reduce the alachlor concentration that can be used in CFE assays. Alachlor assays were conducted at 50 to 100 M while CDNB assays were conducted at 1.0 mM. In our CFE studies, a significant amount of alachlor remained in the pellet after washing, analogous to high sorption of another chloroacetamide herbicide, metolachlor, by bacterial communities (23) . Specific activities of other herbicide-GST assays are typically lower than those for CDNB-GST activity in plants (1, 17, 29) .
In plant and animal systems, some GSTs are inducible (17) . In the facultative anaerobe Methylobacterium sp. strain DM4, the GST-like dichloromethane dehalogenase activity is enhanced over 100-fold following exposure to dichloromethane (20) . In our induction studies, a small but significant increase in AL-GST activity (42 to 78%) was observed in two Pseudomonas strains after alachlor exposure. This indicates that AL-GST activity in these strains is predominantly constitutive. The effects of induction on other enzymes in the glutathione-conjugate metabolic sequence are unknown.
Cysteine-␤-lyase has been implicated in the downstream metabolism of propachlor conjugates by gastrointestinal bacteria (21) , as well as 2,4-dichloro-1-nitrobenzene in Mucor javanicus (10) . Evidence for further metabolism of the AL-Cys conjugate by several of these bacterial strains was observed in whole-cell studies in incubations greater than 24 h and in CFEs with various substrates (34) . Our studies (34) indicate that GSTmediated dechlorination of alachlor by rhizosphere bacteria is a mechanism for the formation of polar metabolites of chloroacetamide herbicides (7, 19) .
High ␥-glutamyltranspeptidase activity observed in most strains tested here indicates that the glutathione conjugates are short-lived transient catabolic intermediates in rhizosphere bacteria. A 30-min half-life of acetochlor-SG compared with a 7-day half-life for acetochlor in the same soil has been reported (7) . A strain of Pseudomonas alcaligenes that metabolized propachlor to the cysteine conjugate has been reported (19) ; however, neither GST activity nor GSH intermediates could be demonstrated. Thiol-containing metolachlor metabolites have been observed in mixed bacterial culture (23) and are likely GSH conjugation products. Our studies show that metabolism of GSH conjugates is rapid, and thus, products of these reactions can be significant environmental contaminants and therefore might be considered for inclusion in groundwater monitoring programs.
Various studies have demonstrated the potential for bacterial metabolism of alachlor (6, 24, 25) , but metabolic products have not always been identified. Two alachlor metabolites characterized by R f values with solvent system A (25) are most likely the AL-CysGly and AL-Cys conjugates observed here. Recently, a unique amide cleavage of propachlor, yielding a catechol and the corresponding acetamide, was reported (31) . This mechanism and aryl acylamidase cleavage of propachlor (24) may be minor pathways for degradation of chloroacetamide herbicides compared with GST-mediated dechlorination. The enrichment and diversity of gram-negative bacteria in the rhizosphere (14, 28) suggest that these bacteria (especially pseudomonads) could potentially be involved in xenobiotic detoxification in rhizosphere soil. GST activity of rhizosphere bacteria thus may play an important role in the aerobic dechlorination of xenobiotics such as the chloroacetamide herbicides.
Detoxification of compounds in the spermosphere and rhizosphere could potentially be mediated by plant growth-promoting rhizobacteria (15) . Certain chemicals used as herbicide safeners induce biochemical changes in susceptible plants, increasing their tolerance to herbicides such as the chloroacetamides and thiocarbamates (11). Karns (13) suggested that bacterial inoculants developed for rapid pesticide detoxification might be useful as protectants. This technology has been used to protect susceptible plant species from the herbicide dicamba (16) . Many Pseudomonas strains are excellent colonizers of seeds and plant roots (14, 15) . Our data show that these organisms have the highest GST activities, and thus, they may be vehicles for delivering plant protection activities to plant roots. Recent studies have shown that inoculation of soil containing high alachlor concentrations (100 g ⅐ g
) with P. fluorescens UA5-40 or Mucor strain SSF-1 (a fungus also possessing AL-GST activity) enhanced alachlor degradation (33) . Addition of cornmeal enhanced the survival of UA5-40 and alachlor biodegradation.
These studies show that a diverse collection of rhizobacterial VOL. 61, 1995 GST ACTIVITY AND METABOLISM OF GLUTATHIONE CONJUGATESstrains possess GST activity. Furthermore, there appears to be some diversity in these enzymes as indicated by the differential specificity for CDNB and alachlor. Thus, GST-mediated reactions may be important metabolic transformations of rhizobacteria exposed to xenobiotics. In addition to the diversity in GST activity, the fluorescent pseudomonads also showed a high potential to metabolize GSH conjugates. Determination of the distribution of conjugate metabolism in rhizospheres might improve our overall understanding of the fate of alachlor and other potential bacterial GST substrates in the environment.
